Although much work has analysed how individual behavioural plasticity and adaptations to ecological conditions (e.g. density, sexratio, resource distribution) shape mating systems, few studies have assessed the relative importance of multiple factors in explaining why mating systems vary from one sub-population to the next even in the same ecological conditions. Differences among groups in their phenotypic composition, such as their average phenotype, within-group variation in phenotype, or the phenotype of individuals occupying key social roles might shape the mating system emerging at the group level and explain some portion of mating system variability. Here, we take advantage of the mating system flexibility of stream water striders (Aquarius remigis) to investigate how phenotypic composition affects the mating system emerging at the group level. Groups exhibited stable mating systems varying from scramble polygyny with intense sexual conflict, to systems with a clear dominant male guarding a "harem" of females. We found that male size asymmetries and the personality of the largest individuals within groups had important effects on the group's mating system. The group's average male and female personality, size, and social plasticity also explained some of the variation in mating systems. Our study is one of the first to quantify significant relationships between group phenotypic composition and mating system variability.
INTRODUCTION
Populations or groups within a given species often exhibit substantial variation in mating systems (Travis et al. 1995; Say et al. 1999; Bergeron et al. 2011; Schradin et al. 2012; Thompson 2015) , and a key issue is to understand factors governing this intra-specific variation. Classical theory predicts that differences in mating systems are shaped by variation in ecological conditions (e.g. resource distributions, predation risk, density, or sex ratio) and by the plastic or evolutionary response of individuals to these (Emlen and Oring 1977; Clutton-Brock 1989; van Schaik 1989 , Lott 1984 . For example, harem or resource defence polygyny (as opposed to monogamy) arises when conditions allow one or a few males to monopolize groups of females or key sites that females visit (Gosling 1991) . In response to changes in ecological conditions, one can observe intraspecific variation in mating systems when there is local adaptation in mating tactics, when mating behaviour is determined by early experience, or when adults adjust to prevailing ecological conditions from one reproductive bout to the next (Schradin 2013 ).
An interesting, but much less well studied, idea is that populations and groups can also exhibit variation in mating system (even in the same conditions of overall density, sex ratio, or resource distribution) depending on the mix of genotypes or phenotypes within the group (Sih and Watters 2005; Pruitt and Riechert 2011; Farine et al. 2015) . For instance, differences among groups in the withingroup variance in relative sizes of individuals can affect mating dynamics (e.g. Formica 2011 ). The ability of individual males to monopolize females, or sites (thus favouring polygyny) could depend not just on the ecological conditions, but also on whether some males in the group are substantially larger or more aggressive than others. Individuals can also differ consistently in their behaviour (i.e. express different behavioural types, Sih et al. 2004; Réale et al. 2007) , and the mix of behavioural types can affect mating dynamics within populations Watters 2005, Wey et al. 2015a) .
No study has, to our knowledge, investigated how the mix of both individual personalities and morphologies determine the mating system emerging at the group level. Work in highly social animals has shown that different aspects of group composition can affect social interactions during foraging or inter-specific interactions (e.g. Keiser and Pruitt 2014) . The "average" individual phenotype in a group can determine social structure. For example, in social spiders (Anelosimus studiosus), colonies composed of less aggressive individuals have greater social cohesion (Pruitt and Riechert 2011) . Alternatively, the phenotypic "variance" among individuals might determine the patterns of social interactions within a group, when the phenotype of individuals occupying particular social roles (Flack et al. 2005) or the extremes of the phenotypic distribution can disproportionately shape interactions at the group level (i.e. keystone or catalyst individuals, reviewed in Jandt et al. 2014; Modlmeier et al. 2014) . Multiple aspects of group composition in individual phenotypes can affect social interactions simultaneously. For example, in social spiders, both the frequency of aggressive or docile individuals (Pruitt and Riechert 2011) and the phenotype of individuals at the extreme of a group or population's phenotypic distribution have been shown to determine the colony's foraging and defensive behaviour (Pruitt et al. 2013) . Surprisingly, we are not aware of any study investigating multiple aspects of group composition in concert, raising the question of whether some of the findings we just reviewed are truly independent.
Group phenotypic composition could also impact individuals even for species that are not highly social. Indeed, little is known about the importance of group phenotypic composition for the patterns of interactions during mating and mating dynamics in general. Identifying and quantifying the relative importance of factors that govern variability in mating systems is important but challenging, if not impossible, to study in many species where the variation in mating systems plays out on a large spatiotemporal scale (e.g. where populations might differ and change their mating system from year to year). Here, we studied the effects of group phenotypic composition on alternative mating systems in stream water striders (Aquarius remigis), a model system for the study of sexual conflict (Rowe et al. 1994) . Our recent work showed that groups with the same numbers of males and females held under the same conditions can diverge to exhibit striking differences in social and mating systems (Sih et al. 2017) . Because these differences take only a few days to emerge in small pools, we were able to study 80 groups. Using these groups, we examined how the groups' mating system depended on group composition in terms of: 1) the "average" personality and body size; 2) the within-group "variance" in personality and body size; and 3) the phenotypes of key individuals (e.g. the absolute or relative size or personality of the largest male). To our knowledge, this is the first study to consider the simultaneous effects of the average phenotype in each group, of phenotypic extremes, and of overall phenotypic variation on mating system characteristics. Our results show that the mix of behavioural types can also have important implications in less social animals during mating interactions.
METHODS

Study system
A. remigis is found in small streams consisting of a mix of smaller and larger pools connected by riffles. In central California, the breeding season lasts from late February to early June.
Numerous studies over the last 3 decades have shown that in larger pools (e.g. 1.5 m diameter experimental pools), unmated males spend much of this time actively skating on the water and jumping on other adults, struggling and attempting to coerce matings with females (Sih and Krupa 1992; Sih et al. 2002; Krupa and Sih 1993; Sih and Krupa 1995) . Females generally resist male mating attempts (Weigensberg and Fairbairn 1994; Lauer et al. 1996) , often staying inactive along stream edges to avoid costly harassment (Wilcox 1984; Krupa and Sih 1993) . Once mated, females carry males on their backs for typically 2-6 h Krupa 1992, 1995) . Paired females experience higher energy expenditure and predation risk (Fairbairn 1993; Watson et al. 1998 ), but also less male harassment, leading to a greater ability to feed (Wilcox 1984; Wey et al. 2015a ). On average, adults spend roughly 40% of their time in copula during the mating season (Krupa and Sih 1993) . Individual males differ consistently in their activity; i.e. they have activity behavioural types Montiglio et al. 2017a ). More active males and males spending more time on the water generally have higher mating success (Sih et al. 2002; Sih et al. 2014; Eldakar et al. 2009; Montiglio et al. 2017a) .
Recent work showed, however, that smaller pools (approximately 1/4 area of the typical-sized experimental pools) containing few individuals exhibited a greater diversity of mating systems than the larger, standard experimental pools (Sih et al. 2017) . While some smaller pools exhibited the scramble mating system described above, other smaller pools exhibited a system where a single male dominates the water surface and matings, driving other males into hiding. Pools dominated by a single male had reduced male harassment of females, which allowed a higher proportion of unmated females to remain on the water. In these pools, matings were also less frequent and much shorter in duration (typically <30 min) than in the usual scramble system. Although these contrasting mating systems differed in several ways, a simple quantitative metric of the different mating systems was the proportion of unmated males on the water versus the proportion of unmated females on the water. Multi-male scramble systems had most males but few females on the water, while systems with a dominant male usually had one male but many females on the water. Earlier work showed that it usually took 4 or fewer days for a given small group to develop a stable social/mating system. In particular, if a dominant male emerged, that male usually continued to dominate the pool for the remainder of the study, over dozens of subsequent observations (Sih et al. 2017 ).
Predictions
The detailed available knowledge of mating interactions in this species allowed us to make a priori predictions on the impact of group phenotypic composition on the mating system. Larger males can better overcome female resistance to mating (Rowe et al. 1994; Arnqvist et al. 1996; Sih et al. 2002) , and larger females have a higher tolerance for male harassment (Rowe et al. 1994) . We thus expected that groups where males and females were on average larger (but similar in size), and/or had a higher activity behavioural type to exhibit a multi-male, scramble mating system, because such groups should be harder for a single male to dominate. In contrast, a higher variance in phenotypes (e.g. where the largest male is much larger than others) should make it easier for the largest, most active, or aggressive male to dominate. In particular, the traits of key individuals can matter. For example, we could predict that a dominant male system might be more likely to emerge when the largest male has a more active behavioural type.
Study design
Adult water striders of both sexes were collected from the University of California (UC) Davis Stebbins Cold Canyon Reserve (38°30'30.7''N; 122°05'50.1''W), Solano County, California (USA), during April and May 2012. We maintained animals indoors in a climate-controlled environment in large aerated holding tanks. We provided "ad libitum" frozen crickets daily as food. We painted numbers on the dorsal side of water striders for identification. Females were further given a combination of 2 colour dots behind their head on their dorsal side, so that they could be identified while mated and carrying a male. We also photographed each individual and measured their length (mm) from the tip of the head to the genitals, on the ventral side using the software ImageJ (http:// imagej.nih.gov/ij/, see also Wey et al. 2015b ).
We housed a total of 240 marked individuals (120 males, 120 females) in groups of 12 males and 12 females in large holding tanks (see below for details) until the beginning of the experiment. They were then divided randomly into 20 groups of 3 males and 3 females and moved to small, plastic tanks (15.24 cm H × 41.14 cm W × 58.42 cm, 26.5 L), each supplied with aeration tubes and a Styrofoam cube (approximately 5 × 5 × 5 cm) in one corner to provide refuge. Groups were maintained in these conditions for 6 days (first trial) during which we collected information on their behaviour and mating system (see below). We then combined 4 small groups randomly to create 5 large groups of 12 males and 12 females and transferred them to larger tanks (152.4 cm × 59.7 cm fiberglass tanks, ~4 times the size of the small tanks thus keeping density constant). Individuals were left in the large tanks for 3 days. Large tanks were provided with 2 aeration tubes, one at each end, and 4 upright bricks spaced evenly along the longest edge to provide refuge. Finally, large groups were re-divided randomly into 4 new small groups and placed back into 20 small tanks for 6 additional days (second trial). We replaced any individual that died during the experiment with another of the same sex to maintain group densities. Small groups were fed 3 frozen crickets, once a day, while large groups were fed 12 frozen crickets, once a day. Crickets were removed at the end of the day after the last observations to maintain water quality. Water was added at the end of the day as needed to maintain constant water levels. Individuals were assayed in 2 batches of replicates (i.e. 2 different small groups) conducted sequentially. In total, we assayed 80 small groups (each individual experiencing 2 different small groups) and 10 large groups. Elsewhere we contrast the different mating systems that emerged in larger versus smaller tanks (Sih et al. 2017) . Here, we focus on factors explaining variation in emergent mating systems in smaller tanks.
Behavioural observations in small and large pools
We conducted scan observations on large groups every 40 min and on small groups every 20 min between 0900 and 1800 to record whether each individual was on the water, mated, and if mated, the identity of the partner. Scans were done more frequently for small groups in order to be certain to capture the shorter mating durations that only occur in smaller groups (Sih et al. 2017) . Being on the water is a prerequisite for active movement, foraging, and mating attempts (for males); also, whether water striders are moving or not, those that are on the water can detect and potentially attack conspecifics or prey items (i.e. they can use either cruising or ambush strategies). We thus refer to water striders that are on the water as "active". Animals that are off the water (clinging to the Styrofoam or the sides of the tank) were classified as inactive.
Statistical analyses
First, we quantified individual male and female activity behavioural types and social plasticity from their behaviour in larger groups and tanks. The large groups served as the baseline conditions in which water striders have typically been studied, and the full details of these analyses are presented as Supplementary Material S1 (Tables S1-1 to S1-5). Briefly, we built a generalized linear mixed model analysing individual activity during each observation in large groups (binary response, binomial error structure), allowing us to estimate individual activity behavioural types and social plasticity in response to variation in the number of other unmated males and females on the water. Activity behavioural types and social plasticity were estimated as the best linear unbiased predictors (BLUPs) from random intercepts and slopes. We ascertained that the social conditions that individuals experienced in the first small tank assay did not affect their activity behavioural type or social plasticity in the larger tanks (see Supplementary Material S2).
Second, we quantified the variability in mating systems that we observed among smaller tanks. We analysed the proportion of unmated males and females on the water during the last 3 days in the small tanks using a linear mixed model as a function of the group identity, date, and tank as categorical random effects. The proportion of unmated males and females on the water was arcsinesquare root-transformed prior to the analysis (see Supplementary  Material S3, Tables S3-1 and S3-2) .
Third, we analysed how phenotypic composition of small groups in terms of body length, activity behavioural type, and social plasticity of each sex predicted their mating system as characterized by the proportion of unmated males and females on the water. As noted earlier, scramble mating systems have many males but few females on the water, whereas "alpha male" systems have few males 
Figure 1 Variability in mating system among groups of 6 (3 males, 3 females) water striders. (a) Mating systems were described as the proportion of unmated males and females observed on the water during the last 3 days of the treatment. The size of the dots is proportional to the number of groups with a given mating system. Groups expressed consistent variation in (b) the proportion of unmated males observed on the water (51.26% of the total variance) and, to a lesser extent, (c) the proportion of females on the water (29% of the total variance).
but many females on the water. We built 2 linear models separately analysing the proportion of unmated males and females observed on the water averaged over the last 3 days of the treatment, when mating systems had stabilized (a single value per group). To achieve a more Gaussian distribution, we used the arcsine of the square root of these proportions, as above. The transformed proportions of unmated males and females on the water were then analysed as a function of the group's average and variance in: 1) activity behavioural type, 2) social plasticity, and of the 3) body length of each sex within each group as predictors in the 2 models. To assess effects of the phenotypes of potential key individuals or extreme individuals, we included the maximum body length, highest activity behavioural type, and greatest social plasticity of males and females (relative to the group's average for that sex) in the model. We also included the activity behavioural type and social plasticity of the largest male and female in each group. We controlled for potential systematic temporal differences in male and female behaviour across trials and batches by including the trial and batch order as fixed effects in the models. Pearson correlation coefficients between size and activity behavioural type or plasticity were all <0.2. All predictors were scaled to a mean of zero and a variance of one. We then simplified these 2 models in a backward stepwise fashion based on AIC (Burnham and Anderson 2002; Symonds and Moussalli 2010) . All analyses were performed in R 3.1.2 (R development Core Team 2014). Mixed models were conducted using the "lme4" package (Bates et al. 2012) .
RESULTS
Individual behaviour in large pools
In large tanks, male water striders exhibited highly repeatable individual differences in activity (repeatability = 49.28%; see Supplementary Material S1, Tables S1-1 and S1-2). They also exhibited individual differences in social plasticity in response to the number of other males on the water (Supplementary Figure  S1-3) . In large tanks, females also exhibited individual differences in both activity behavioural type (repeatability = 28.67%) and social plasticity in response to the number of other females on the water (see Supplementary Material S1, Figure S1 -3 and Tables S1-4 and S1-5). To emphasize, individual male and female behavioural tendencies (activity behavioural types and social plasticity) assessed in "large" tanks were then used to predict mating systems exhibited by the same individuals in small tanks.
Mating systems in small pools
Small groups exhibited strong and consistent differences in their mating systems (Figure 1a) . Over the last 3 days of observations (when group mating systems had stabilized), groups differed significantly in time spent by males and females on the water (see Supplementary Material S3, Table S3 -1 and S3-2, respectively). Indeed, 51.26% of the total variance in the proportion of unmated males on the water was observed among groups (as opposed to within groups, Figure 1b) , while 28.52% of the total variance in the proportion of unmated females on the water was observed among groups ( Figure 1c) . The proportion of unmated males on the water was transformed (arcsin(square-root(x))) prior to analyses. We simplified the model in a stepwise manner using an AIC approach (AIC weight of best model = 0.35, see Results). Predictors initially included in the model: the average activity behavioural type, social plasticity, and body length of each sex; the maximum relative body length, activity behavioural type, and social plasticity of males and females (relative to other individuals) within each group. We also included the trial order and the replicate in the models. All predictors were scaled to a mean of zero and a variance of one. *Residual standard error is 0.37 on 71 degrees of freedom. 
Explaining the proportion of unmated males on the water
We were interested in identifying aspects of group composition that increased the likelihood of an alpha male system (one dominant male with multiple females on the water) emerging. The final (simplified) model explaining the proportion of unmated males on the water (AIC = 70.44, k = 5, AIC weight = 0.23) included the average individual phenotype and also aspects of the phenotypic variation within groups (Table 1) . Groups were more likely to exhibit few unmated males on the water if the largest male was disproportionately large relative to the other males in that group (Figure 2a) and if females were, on average, larger (Figure 2b) . Together, these effects of group phenotypic composition explained 9.65% (adjusted R 2 ) of the variation in the proportion of males on the water.
Explaining the proportion of unmated females on the water
The final model explaining the proportion of unmated females on the water at the end of the experiment (AIC = 66.20, k = 9, AIC weight = 0.52; Table 2) showed that females were more likely to be on the water in groups where the largest male and female had particularly active behavioural types (Figures 3a and b) . More females were also observed on the water when the males in the group had, on average, less active behavioural types ( Figure 3c ) and lower social plasticity (although the plasticity effect was not quite statistically significant, P = 0.057). We also detected overall differences in the proportion of unmated females on the water between the first and second blocks (Table 2 ). Together these predictors accounted for 35.88% (adjusted R 2 ) of the variation in the proportion of females on the water among groups.
DISCUSSION
An extensive body of work has investigated how mating systems vary in response to changes in ecological conditions (e.g. resource 
Figure 3 Predictors of the proportion of unmated females observed on the water in small groups. Groups in which the (a) largest male and (b) largest female exhibited a higher activity behavioural type had a higher proportion of unmated females on the water. (c) Groups with a higher average male activity behavioural type had a lower proportion of unmated females on the water. The proportion of unmated females on the water was corrected for the other predictors in the model. The model initially included the average activity behavioural type, social plasticity, and body length of males and females, as well as various aspects of the phenotypic composition (see Methods). We simplified the model in a stepwise manner using an AIC approach (AIC weight of best model = 0.42, see Results). Predictors initially included in the model: the average activity behavioural type, social plasticity, and body length of each sex; the maximum relative body length, activity behavioural type, and social plasticity of males and females (relative to other individuals) within each group. We also included the trial order and the replicate in the models. All predictors were scaled to a mean of zero and a variance of one. *Residual standard error is 0.35 on 69 degrees of freedom. BT = behavioural type.
distribution, population density, sex-ratio) among populations or over time (Lott 1984 , Schradin 2013 . To our knowledge, this study is the first to investigate how the mix of individual phenotypic traits in a group determines the group's mating system in standardized ecological conditions. We showed that the emergent mating system in water striders was influenced by a combination of the group's phenotypic composition in body size, personality (activity behavioural type), and social plasticity. The group's phenotypic composition explained a non-trivial amount of variation in mating systems among groups (9.65% and 35.88% of the variation in the proportion of unmated males and females on the water, respectively). Particularly interesting is the fact that this amount of variance was explained by multiple aspects of the group's phenotypic composition that have seldom been considered in concert. We discuss each of these aspects below. We found that the average size, behavioural type, and social plasticity of individuals within groups predicted up to a third of the variation in group-level mating systems. For male traits, highly active males tend to harass females more thereby forcing females out of the water into refuge (Krupa and Sih 1993) . The presence of females in refuges is a hallmark of scramble competition polygyny with strong sexual conflict. Thus, groups where males had a higher average activity behavioural type and greater social plasticity (a stronger tendency to increase their activity in response to malemale competition) were more likely to develop a scramble competition mating system. Interestingly, groups with, on average, larger females were more likely to have an alpha male emerge and drive other males into refuge. This could either reflect a greater benefit of being the alpha male for the largest male (larger females tend to be more fecund, Preziosi and Fairbairn 1997) , or a smaller benefit of being active for smaller males (because large females can resist small males more effectively, Lauer et al. 1996) .
In addition, we found that part of the observed mating system variability in water striders can be explained by the phenotype of the largest male in a given group. In groups in which the largest male was disproportionately larger relative to the other males, the largest male often emerged as a dominant male evicting other males from the water. In contrast, groups where males were more similar in size exhibited scramble competition, where most of the males were actively harassing females. These effects of size asymmetries are consistent with a large body of research on aggressive behaviour and the emergence of social dominance relationships (Parker 1974; Clutton-Brock et al. 1979; Beaugrand et al. 1996) , where larger asymmetries in traits used to assess competitive ability reduce ambiguity and the need for potentially costly conflict. The current study serves as an interesting example of how size asymmetries can be important, even in species without typical dominance structures. Further, groups in which the largest male had a higher activity behavioural type tended to have a higher proportion of unmated females on the water, probably because such an active and large male was particularly effective at inhibiting other males and thus decreasing female harassment by those other males. Effects of keystone individuals on group social dynamics have been documented in primates with complex social systems (Flack et al. 2005 ) and in highly social species (Pruitt and Ferrari 2011; Modlmeier and Foitzik 2011) . Here, we documented important effects of dominant individuals on mating dynamics in a system with much simpler social interactions. More importantly, our study is one of few to quantify how a mix of individual and group traits explains when dominant individuals emerge.
Work on the importance of group composition for the pattern of social interactions observed at the group level has typically been conducted in systems where individuals form stable groups with some form of specialization (e.g. Pruitt and Riechert 2011), clearly defined social roles (e.g. Flack et al. 2005) , or high levels of relatedness among individuals (Pruitt et al. 2013 ). Here we show that group composition can have important implications for a wider range of systems, during mating interactions. The natural history and ecology of this study system also suggests that variation in mating systems among groups of individuals can be important in nature. Water striders typically breed in streams composed of pools isolated from each other by riffles. Larger pools are often connected with several small pools and eddies, each connected by riffles. Earlier field studies emphasized the variation among pools in individual density, sex-ratio, and general activity on the water (Krupa and Sih 1993; Eldakar et al. 2010 ) and appear consistent with the stable variation in mating system we found among groups.
Differences in the mating system affect, among other things, the extent of sexual conflict and the strength of sexual selection acting on male traits (Shuster and Wade 2003; Farine et al. 2015) . A logical next step will be to look at how ecological conditions and group composition interact to influence the selective forces emerging from mating interactions. In natural streams, water striders can move between different micro-habitats, and individuals of different size or behavioural type are likely favoured in different ecological conditions (Sih and Krupa 1992; Sih et al. 2002) . Given that group composition is important and that it depends on individual patterns of phenotype-dependent habitat or social situation choice, these choice behaviours could have major fitness implications. A better understanding of the complex interplay between situation choice, group composition, and emergent social/mating dynamics should yield highly valuable insights for social behavioural ecology.
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